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In the current work, we demonstrated that the rejuvenation of metallic glasses can be achieved through
training the B relaxation process. With the increase in the training frequency, a transition from structural
relaxation to rejuvenation can be observed. This rejuvenation treatment is unexpected due to it occurs at
a relatively small cyclic strain of 0.2%. Rejuvenation is beneficial to increase the relaxation enthalpy and
promotes the decoupling of the B relaxation process and « relaxation process. A cluster of 8 relaxation
time curves are formulated to describe any energetic state between ultrastable and ultimately rejuvenated
metallic glasses. In addition, rejuvenation expands the distribution of § relaxation process, anelastic and
viscoplastic components during the deformation process.

© 2023 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology.

1. Introduction

Metallic glasses (MGs) possess disordered atomic structures and
are of out-of-equilibrium nature. Therefore, spontaneous structural
relaxation occurs since they have been prepared, deteriorating
their initial mechanical and physical properties [1-5]. Naturally,
the exploration of structural rejuvenation - the reverse process of
structural relaxation - in MGs is an important subject of materi-
als science and solid mechanics because the structural rejuvenation
behaviors of amorphous solids open a new avenue for improving
the mechanical/physical properties [6-9].

Recently, abundant strategies to achieve rejuvenation have been
systematically developed, such as cold-rolling, elastostatic load-
ing, irradiation, cryogenic thermal cycling, mechanical cycling, and
high-pressure torsion [10-14]. The highly rejuvenated MGs can be
prepared by severe plastic deformation [9]. However, the severely
deformed sample is actually a composite material composed of the
“shear bands” and the “undeformed glassy matrix”. The complexity
of structure brings interference to the study of the structure and
properties of the rejuvenated glassy materials. Cryogenic thermal
cycling is non-destructive and homogenous to rejuvenate MGs and
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is applicable to any size of glass sample [8]. In addition, the degree
of rejuvenation of MGs obtained by this method appears limited
compared to other mechanical treatments [15,16]. Up to now, the
maximum increase of relaxation enthalpy of MGs after cryogenic
thermal cycling treatment is only 0.7 k] mol-! [17]. It has been ac-
cepted that heating an MG into the supercooled liquid region and
then rapidly cooling can recover the relaxation enthalpy [18]. One
can expect that global rejuvenation by such a method requires a
high cooling rate, at least greater than the cooling rate during the
formation process. The above strategies have considerable advan-
tages, but they either involve multiple steps, are destructive or lead
to a possible change in shape, or have difficulty in accessing the ra-
diation facilities. On the other hand, a part of these methods not
only brings about rejuvenation but also produces an unexpected
side effect of harmful structural relaxation and even crystallization
[19,20]. Even though there have been plentiful developments to-
wards the achievement and understanding of the nature of reju-
venation, an effective method to rejuvenate MGs is still urgently
needed.

Dynamic mechanical relaxation is one of the intrinsic features
of amorphous solids, which contributes to various behaviors in
glass systems [21-23]. Glassy materials display two main dynamic
mechanical relaxation processes, i.e.,, the main « relaxation and
secondary S relaxation (also called Johari-Goldstein relaxation) [1].
The « relaxation is activated in the supercooled liquid region, but
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frozen below the glass transition temperature Tg [1]. Additionally,
it is closely associated with the dynamic glass transition, i.e., irre-
versible large-scale cooperative atomic/molecular rearrangements
[24]. It is shown that rejuvenation by mechanical methods signif-
icantly strengths the signal of B relaxation and promotes the de-
gree of the structural heterogeneity of MGs [25]. In comparison,
the effect of cryogenic thermal cycling on S relaxation strongly
depends on the chemical composition of MGs, i.e., only slight
strength in a La-based MG [8] but apparent improvement in a Fe-
based MG [26]. All these brilliant achievements reveal promising
strategies of modulation the mechanical properties of MGs. They
also concentrate on the effect of rejuvenation on mechanical relax-
ations, but ignore another vital issue: what is the interdependence
between rejuvenation and S relaxation? Is it possible to rejuvenate
and achieve elaborate tailoring of the mechanical behaviors of MGs
by the f§ relaxation process?

To exactly answer this question, the top priority is the estab-
lishment of the correlation between the 8 relaxation and the me-
chanical properties of MGs. Yu et al. [27] accomplished tensile
plasticity in a LaggsNijgAl14Co15 MG near room temperature by
activating B relaxation. Importantly, cryogenic thermal cycling pro-
motes the separation of B relaxation and introduces a large tensile
plasticity in a Fe-based MG, which confirms the feasibility of reju-
venation by activating B relaxation [26]. Therefore, the training of
B relaxation is one of the necessary conditions for controlling the
plasticity of MGs. It is noted that recent molecular dynamics (MD)
simulations further support the possibility of the rejuvenation of
MGs via activating the § relaxation. Yuan et al. [28] reported that
the random removement of atoms from the glassy matrix acceler-
ates the formation of atomic clusters with high displacement. This
allows the initiation of the g relaxation such that the rejuvena-
tion dominates the dynamic behavior. Similar MD simulation re-
sults have been recently reported by Li et al. [29], who altered the
B relaxation from an excess wing to shoulder by tailoring spatial
heterogeneities of an MG. These proceeding facts inspire us to em-
ploy B relaxation to rejuvenate MGs and provide a comprehensive
theoretical understanding from a kinetic aspect.

This paper aims to train the f relaxation process to achieve
structural rejuvenation of MGs and give deeper insight into
the regulatory mechanism of the rejuvenation on the struc-
tural/dynamic heterogeneity of such amorphous materials alike.
Based on the experimental and theoretical analysis, we provide
strong evidence of rejuvenation by the f relaxation training. The
input energy during periodic loading reactivates the reversible g
relaxation and rejuvenates MGs. One of the signals of rejuvenation
is the decrease of the characteristic activation energy of the g re-
laxation, which is beneficial from the increasing training frequency.
The rejuvenation enhances the atomic mobility and promotes the
decoupling of the 8 relaxation from the « relaxations. The increase
of the training frequency also broadens the distributions of the re-
laxation times of the B relaxation, anelastic and viscoplastic com-
ponents of deformation under creep loading.

2. Experimental procedures
2.1. Sample preparation

A master alloy with the chemical composition of
LazgCesgNijgAlygCoyp (at.%) was prepared by arc-melting pure
metals in the high-purity argon atmosphere [30]. To scavenge
oxidation during the process, a titanium getter was employed. The
master alloy was then re-melted at least six times to ensure its
chemical homogeneity at a medium- or long-range length scale. A
single roller melt-spinning technique was used to prepare ribbons
with a width of 1.2 mm and a thickness of 30 pum.
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2.2, Training of the B relaxation process

Let us suppose the applied stress o (t) evolutes sinusoidally
with time t:

o (t) = opsin(wt)

(1)

Here, w is the angular frequency. Generally, the real-time strain
response of the glassy materials should be also sinusoidal in time,
but it will lag the applied stress by a period At = §/w, where § is
the phase angle such that

e(t) = &g sin (wt — §) (2)

As a result of the phase lag between the applied stress and the
responsive strain, the dynamic stiffness can be treated as a com-
plex number E*. “Dynamic” in this context refers to oscillatory in-
put rather than the inertial effects:

g 0O

G)

E’ is the storage modulus, which is related to the elastic re-
sponse of glassy systems. E” is the loss modulus, which is closely
associated with the viscoelastic response. Here different driving
frequencies of 0.01, 0.1, 1, and 10 Hz were employed to train the
B relaxation process. The samples were heated to 383 K at a heat-
ing rate of 3 K min~! (the reason for the selected temperature and
frequency is exposited below).

On the premise of training the S relaxation process, the ther-
mal property of MGs was confirmed by a differential scanning
calorimeter (DSC, NETZSCH 449 C) at a heating rate of 20 K
min~!. Mechanical spectroscopy experiments were carried out in
two modes in a commercial dynamic mechanical analyzer (DMA,
TA Q800): (i) single frequency, the samples were heated to 473 K
with a constant heating rate of 3 K min~! and the constant driv-
ing frequency is 1 Hz; (ii) multiple frequencies, the samples were
heated to 423 K with a constant heating rate of 2 K min~!. In this
condition, the driving frequencies are 1, 2, 4, 8, and 16 Hz, respec-
tively. The creep experiments were performed at 403 K in DMA.
The applied stress is 25 MPa and the temperature was held con-
stant for 10 min to ensure that thermal equilibrium is obtained
prior to the creep tests.

—E +iE" (3)

3. Results and discussion

Structural heterogeneity has been confirmed as an inherent fea-
ture of MGs by means of experiment, theoretical analysis as well
as simulation methods [2]. In the concept of the flow units pro-
posed by Wang et al. [1], the structure of MGs can be modeled as
flow defects (liquid-like regions) surrounded by the glass matrix
(solid-like regions). In the complex plane, the storage modulus and
the loss modulus can be expressed as:

o oo .
E' = “%coss, E’ = “%sins
€o €0

Therefore, Eq. (2) can be rewritten as

(4)

(3)

Eq. (5) is a typical parametric equation for an ellipse, that is,
they trace out an ellipse for values of t, and the stress-strain curve
for oscillatory stress is an elliptic hysteresis loop. The work done
in stressing a material (per unit volume) is given by:

o (t) = go(E'coswt — E"sinwt)

to to
AW = f ode = ?{8(2, (E'sinwtcoswt + E”cos*wt)dt
0 0

(6)

Here tp is an arbitrary time. For the glass matrix or solid-like
region, the storage energy is totally elastic, and strain releases
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when stress is removed, i.e., the input energy is not stored in
the solid-like regions. It can be expected that the input energy
drives the atomic rearrangements and the transition of the ener-
getic state. For one complete cycle, the input energy AW is readily
obtained by the area of the ellipse as AWy = TE"¢3.

Based on the similarity between amorphous polymers and MGs,
the fluctuation of entropy and enthalpy at the microstructural scale
is a pretty visualization of the structural heterogeneity of MGs [31].
These regions possess more drastic fluctuations than the average
fluctuation in the total structure, then, undertaking preferential re-
arrangements under the thermomechanical stimulus. In the frame-
work of a quasi-point defects (QPDs) model, the activation of the g
relaxation is a non-elastic shear strain component and is regarded
as the minimum unit of deformation [32]. The macroscopic strain
yp induced by the B relaxation event is accumulated by a strain
rate upon the B relaxation timescale [33]

Y — Vg =VpTp (7)

where yg" is the characteristic strain value, which is described as

(8)

where the AJg is the variation of the compliance before and af-
ter B relaxation, o, is the characteristic activation stress, Jg. is the
compliance at the beginning of the 8 relaxation process and Jg, is
that at the end.

Here, we continue with the distribution thinking of our previ-
ous work to correlate the f relaxation time to the heterogenous
defect sites of MG, which is inherently controlled by the distribu-
tion of the activation energy. Then, a distribution of the relaxation
times is described from the perspective of thermodynamic con-
siderations by a mathematical method called discrete normalized
Gumbel distribution [33]

i exp{Bﬂn(%) —exp[Bﬁln(%)]}

Foy exp{BglIn(%) — exp[Bgln(%)]}
where wiﬁ is the probability weight of the i-type unit of 8 relax-
ation, t; is the corresponding characteristic relaxation time, Bg is
the distribution factor ranging from 0 to 1, and 7 is the average
characteristic relaxation time. The f relaxation time obtained by
DMA is an average time, lacking the distribution. Each of the iso-
lated relaxation units gives a particular kinetic process and con-
verges into a total 8 relaxation event. In other words, the sum of
the individual strain rate of these isolated relaxation units is the
final macroscopic strain rate. In consideration of the distribution
of isolated relaxation units, the average relaxation time is equiva-
lently substituted by the discrete normalized Gumbel distribution
of the B relaxation times. Consequently, Eq. (7) can be rewritten
as
WV Vg

5

yﬂoc = aaA]ﬂ = Oq (’;3.- *Jﬁu)

(9)

R (10)
1
s
To describe the evolution of the general compliance J4 tailored
by the B relaxation process, Eq. (10) was integrated to give an ad-

dition of all contributions from these relaxation units as

(11)

n
; —t
Jp =g —Jp) D _ws|1—exp =
i=1 B
Then, a Laplace transform displays the evolution of the compli-
ance on driving frequency of MGs as
i

n w
Jj () =Jﬁ;ﬁ = (@) + 1} (@) (12)
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where ]}3 (w) and jg(a)) are the storage compliance and loss com-

pliance correlated to the B relaxation, respectively.

Fig. 1(a) shows the calculated evolution of the normalized loss
modulus E”[E, on the temperature at training frequency ranging
from 10~3 to 102 Hz. The loss modulus E” at ambient temperature
is negligibly dependent on the frequency. The homogeneous vis-
cous flow was recently obtained by ultrasonic agitation at a high
frequency of 20,000 Hz, which increases the relaxation enthalpy
from 0.11 to 0.26 k] mol-! [34]. However, such a high frequency
even induces partial crystallization in a Zr-Cu-Fe-Al MG [20]. In-
terestingly, LasgpCe3gNijgAlygCoqg MG displays considerable atomic
mobility around the S relaxation peak temperature, providing an
unexpected possibility to rejuvenate MGs at a relatively low fre-
quency and at the same time to avoid crystallization behavior.
Then we would like to emphasize that the training in 8 relaxation
requires the occurrence of the B relaxation peak rather than the
detection of the entire f relaxation region. The peak temperature
increases with the training frequency, while the peak intensity is
independent of whether training frequency or temperature.

Based on the correlation between the normalized loss modulus
E’|E, and temperature, the input energy at any temperature AW,
can be computed (as shown in Fig. 1(b)). At a given temperature,
the AW, increases with the training frequency, though there is a
non-monotonic evolution of the loss modulus. Higher driving fre-
quency injects more mechanical energy into MGs though they look
more like a solid in the situation of the high driving frequency. At
a given frequency, there is a one-to-one relationship between the
loss modulus and AWj. It is worth noting that whether the input
energy promotes atomic rearrangements towards structural relax-
ation or rejuvenation depends on its quantity. Here we took the
truly experimental training frequency, ranging from 0.01 to 10 Hz.
To determine the training temperature region, the total input en-
ergy AW was accumulated by the sum of AW, upon the full tem-
perature region (as shown in Fig. 1(c)). The total input energy AW
increases with an increase in the training frequency and temper-
ature. Here a group of terminal temperatures was chosen as 323,
343, 363, and 383 K, respectively. An empirical exponential fit was
used to describe the correlation between the total input energy
AW and the training frequency at various terminal temperatures.
As shown in Fig. 1(d), a good fitting can be observed, and the expo-
nential factor increases from 0.84 to 1.00 when the terminal tem-
perature increases from 323 to 383 K. In other words, a more ap-
parent difference in total input energy AW can be obtained at the
terminal temperature of 383 K, which is more beneficial to explore
the effect of training frequency on rejuvenating MGs.

Fig. 2 shows a series of technical protocols. The samples were
heated to 383 K at a heating rate of 3 K min~! and training fre-
quencies of 0.01, 0.1, 1, and 10 Hz (termed as S1, S2, S3, and S4),
then cooled to room temperature. The effect of the input mechan-
ical energy on the energetic state of MGs was investigated by the
DSC measurement. Fig. 3 shows the heat flow difference between
the as-cast glass and sample S4 and their corresponding crystal-
lized state as a reference. After training 8 relaxation with 10 Hz,
the exothermic heat of relaxation AH increases from 0.34 to 0.49
k] mol-1. We note that this stored energy is in quantitative agree-
ment with that obtained by the elastostatics loading [35]. The
quantity falls well into the cold-rolled monolithic MGs (~0.3-1.8
k] mol-! [11]). The present work demonstrates that training in 8
relaxation process is a kind of elegant and convenient strategy to
rejuvenate MGs.

Notably, the increase of the relaxation enthalpy is essen-
tially a mean-field parameter, in which the information on struc-
tural/dynamic heterogeneity is absent. The evolution of the struc-
tural heterogeneity could be explored from the perspective of
atomic mobility and the distribution of relaxation units. The results
of the mechanical relaxation spectrum performed after activating
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Fig. 2. Schematic illustration of the (a) training frequency and (b) temperature. The
samples with a training frequency of 0.01, 0.1,1, and 10 Hz are termed S1, S2, S3,
and S4, respectively.

B relaxation are displayed in Fig. 4(a). Two main mechanical relax-
ation processes, i.e., the f relaxation and o relaxation process, are
observed. Evidently, the intensity of the § and « relaxation pro-
cesses increases with the training frequency. The enhancement of
the mechanical relaxations indicates that the current atomic mo-
bility is in direct proportion to the training frequency. For a more
intuitive view, the evolution of the peak temperature of the me-
chanical relaxations is shown in Fig. 4(b). The peak temperature of
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Fig. 3. DSC curves of the as-cast and trained sample via 8 relaxation with 10 Hz.

the o relaxation is negligibly dependent on the training frequency
(AT~0.3 K) while that of 8 relaxation progressively decreases from
368 to 364 K with the pre-activation frequency. The evolution of
mechanical relaxations is attributed to the increase in the training
frequency, where the input mechanical energy plays a crucial role.

In the case of the DMA measurement, it has been reported that
the rejuvenation by cold-rolling significantly enhances the “excess
wing” of B relaxation [36]. However, this mechanical history was
erased by the high atomic mobility, while the o relaxation process
is not sensitive to the cold-rolling treatment. Undergoing the reju-
venation by cryogenic thermal cycling, the o relaxation peak tem-
perature is lowered by 2.3 K, but there is no clear change in the
relaxation process [8]. Recently, Zhang et al. [6] reported that the
strength of the B relaxation process could be achieved by control-
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and « relaxation at different training frequencies; (c) Evolution of B relaxation time with temperature for samples S1, S2, S3, and S4, respectively. The solid lines represent
fits by Eq. (13). The dash line was computed from [41]; (d) Evolution of the activation energy of the § relaxation, Eg, with variation in training frequency. The activation

energy of as-cast glass is from [41].

ling the mechanical cycling, although no further information about
« relaxation was given in the previous investigation. In this study,
however, we proved the feasibility of training in the mechanical
relaxation mode to rejuvenate MGs. Additionally, the training of 8
relaxation in this work is more effective to modulate the - and
o~ relaxations than those reported in the literature.

The evolution of the mechanical relaxations on driving frequen-
cies was performed to study the effect of training 8 relaxation on
the microstructural heterogeneity. An empirical Arrhenius equation
to describe the correlation between the frequency and peak tem-
perature of the 8 relaxation Tg [37]:

f = foexp(—Eg/ksT) (13)

where f is the driving frequency, fy is a pre-parameter, Eg is the
B relaxation activation energy, and kg is the Boltzmann constant.
The correlation between the characteristic relaxation time of the
B relaxation and temperature and the corresponding fitting results
by Eq. (13) at various training frequencies are shown in Fig. 4(c).
The relaxation time shifts to a lower temperature with increas-
ing training frequency. The response of an inherent heterogeneous
microstructure of MGs to applied stimulations is the variation in
the relaxation time of the local regions, i.e., these loosely packed
regions possess faster relaxation dynamics while those densely
packed regions usually correspond to slower relaxation dynam-
ics. In consideration of the negligible change in « relaxation time,
it is reasonable to conclude that the loosely packed regions with
faster relaxation times are proliferated and thus take the most vi-
tal role in the control of mechanical relaxations. As for the densely
packed regions, the training of B relaxation only introduces an en-
hancement of their mobility and intensity. In fact, structural re-
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laxation and rejuvenation are connected by a two-way channel.
Here we would like to emphasize that the structural relaxation
is spontaneous, but the rejuvenation is contrived and coercive ac-
complished. As reported by Greer et al. [38], rejuvenation involves
at least two different processes or even multiple processes. Based
on this investigation, it is highly like that in our work, the re-
juvenation shows an apparently different effect on activation of
the loosely packed regions (associated with 8 relaxation) and the
densely packed regions (related to « relaxation).

Previous investigations [39,40] have demonstrated the decou-
pling behavior of the mechanical relaxations in glass-forming lig-
uids and ignored the possible effects of structural state. Indeed, the
finding of the relaxation decoupling possesses the significance of a
milestone and provides further clarification of the glassy dynam-
ics. The Vogel-Fulcher-Tammann (VFT) equation, with parameters
B = 5907 K and Ty = 278 K from mechanical spectroscopy mea-
surements in ref, [41], can describe reasonably well the tempera-
ture dependence of the « relaxation time measured in this work
(Fig. 4(c)). One can see that the mechanical relaxations split into
o- and B- relaxations at a crossover temperature in a moderately
supercooled range as temperature decreases. Our results suggest
that structural rejuvenation elevates the decoupling degree of o-
and B- relaxations. In addition, the evolution of B relaxation ac-
tivation energy Eg on the training frequency was analyzed in de-
tail and compared with that of the as-cast sample (as shown in
Fig. 4(d)). Compared with the as-cast sample, an increase in Eg
was observed as the training frequency is relatively low, but an
enhancement of that was shown in sample S4. The crossover from
the decrease to increase of the loss modulus with the increase in
training frequency confirms the threshold of the dynamic com-
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Linear fitting between the logarithm of B relaxation time and the reciprocal temperature. The slope is equal to the secondary fragility mg. (c) Evolution of the secondary
fragility mg with activation energy Eg in typical MG systems. Experimental data of other MGs are from previous references [43-46].

petition between structural relaxation and rejuvenation in such a
thermal-mechanical cyclic loading. The change of the § relaxation
activation energy stands for the change in the glass state, which is
tailored by the training process; it gets positive in the case of reju-
venation and falls below zero if relaxation occurs. Under the stim-
ulation of constant driving frequency and heating rate, it character-
izes the degree of difficulty to thermally activate the local atomic
rearrangements. Here structural relaxation can be regarded as the
frozen of defects while rejuvenation is corresponding to the activa-
tion of that. When the training frequency is relatively low (such as
0.01 Hz), there is a net frozen rate of flow units which is character-
ized by the increment of the B-relaxation activation energy. With
the increase in training frequency, the level of rejuvenation was
improved and ultimately surpasses the degree of structural relax-
ation.

As we showed in Fig. 4(c), the effect of structural relaxation and
rejuvenation on the § relaxation have been erased at the crossover
temperature. Based on Eq. (13), the evolution of the 8 relaxation
time on the temperature at various energetic states can be de-
duced from

{‘Cﬁ = toexp (—Ep/ksT) (14)

7 (T =566.67 K) =5 107 s
Here Eg is the crucial index to level the energetic state of MGs.
Further calculations of a cluster of 7g-T curves are displayed in
Fig. 5(a), spanning the E4 range from 0.08 to 2.08 eV. We can spec-
ulate the theoretical maximum degree of rejuvenation in MGs is
corresponding to the lowest value of Eg ~ 0 eV, while the max-
imum degree of structural relaxation is correlated to the highest
value of Eg ~ Eq, in the latter case the § relaxation time almost
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coincides with that of « relaxation. To the best of our knowledge,
there is no work about the mechanical relaxation dynamics in the
ultimately rejuvenated or ultrastable MGs has been reported. Thus,
verification of the maximum degree of rejuvenation and struc-
tural relaxation is difficult but fascinating. Maybe MD simulations
and the exploration of ultrastable glass could be helpful to further
work. A necessary issue is the exploration of the correlation be-
tween the evolution of the f relaxation time controlled by the ac-
tivation energy and mechanical properties of MGs. The fragility re-
lates to the decay rate of the relaxation dynamics of glass-forming
liquids at Tg, which is readily computed as [42]
m— dlogt,

d(Tg/T)

In this connection, the glasses with a small value of m are cat-
egorized as strong systems, while a larger value of the fragility pa-
rameter is regarded as fragile glass. It should be mentioned that
the fragility m can be determined directly by the dependence of
T, on temperature and keeps constant at a given pressure. In other
words, the fragility value computed by the « relaxation time is in-
dependent of the energetic state of MGs.

It has been accepted that 8 relaxation is the precursor of « re-
laxation [21], indicating the common characteristics of mechanical
relaxations. To describe the correlation between mechanical relax-
ation time and the properties of MGs in a quantitative manner, a
secondary fragility mg is defined to describe the decay rate of the
B relaxation time at Tg as

(15)

dlogtg

"= AT (16)
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Taking Eg = 1.08 eV for example, the corresponding computa-
tion process is shown in Fig. 5(b). An apparent linear correlation
between the logarithm of 74 and the reciprocal temperature can
be observed. The slope is equal to the value of mg. Then, the evo-
lution of the secondary fragility mg on the f relaxation activa-
tion energy was determined and shown in Fig. 5(c). The experi-
mental results of other MGs were also obtained from the literature
[43-46]. The secondary fragility values are about 8-14, which is
significantly lower that computed for the « relaxation time be-
cause of the relatively slower decay rate of the 8 relaxation time.
We found that mg is intriguingly linear with the B relaxation acti-
vation energy. The traditional fragility m is known to be insensitive
to a series of external variables and is considered an intrinsic prop-
erty of the glass-forming liquids. Undoubtedly, the concept of sec-
ondary fragility mg is more abundant than that of the traditional
fragility m. The decrease in the secondary fragility mg with the ex-
panded degree of structural rejuvenation, or decreasing the S re-
laxation activation energy, provides a plausible explanation for the
enhancement of plasticity of MGs by rejuvenation. Furthermore,
the exploration of the correlation between the secondary fragility
mg and the plasticity in ultimately rejuvenated MGs would be in-
teresting.

The inherent microstructural heterogeneity of MGs gives abun-
dant possibilities to modulate their mechanical/physical proper-
ties, especially the deformation process. The dynamic heterogene-
ity naturally originates from the individual activation of flow units
with a wide range of relaxation times and their interaction. From
the perspective of the hierarchical flow defects [32], the anelastic
strain &an and the viscoplastic strain &yp are corresponding to the
appearance of shear microdomains and their mergence, which are
composed by the elementary units of the deformation process, i.e.,
the activation of the @ relaxation. The shear microdomain looks
more like an intelligent spring, which can store the reversible en-
ergy at a limited timescale (anelastic component) but crack and
cancel those anelastic energies at a longer timescale (viscoplastic
component). Noted that Eq. (13) only considers the thermal con-
tribution to the activation of 8 relaxation, while ignoring the me-
chanical work. With the assistance of the mechanical work, the
complete Arrhenius equation can be rewritten as

3
Eg(1-2)°

T = Tpexp KT

(17)

where oy is the stress value which vanishes the energy barriers at
0 K, og is the applied shear stress.

Taking the B relaxation movements as the elementary units, the
corresponding hierarchical movements are described by a specific
correlation factor x. Here, the correlation factor x (0 < x < 1)
is closely correlated with the QPD concentration [32]. x = O is re-
garded as the ideal crystal without any structural defect, i.e., a fully
ordered structure. Especially, the movement of each relaxation unit
is totally dependent on others and possesses active interatomic and
enthalpic interactions. On the contrary, x = 1 is regarded as the
ideal gas, a fully disordered structure. Then the movement of each
relaxation unit is totally independent of others and no interaction
occurs. For MG systems, the existence of the hierarchical correla-
tion among these relaxation units indicates more complex move-
ments require longer relaxation time to involve. Thus, it is neces-
sary to definite an elementary timescale 7, that from the start
of a completed elementary event to the end of annihilation of the
corresponding sheared microdomains, that is [33]

s
Tmol = 7:0( T )

where 1 is the timescale parameter. In consideration of the speci-
ficity of the i-th elementary relaxation unit in Eq. (10), Eq. (15) is

(18)

59

Journal of Materials Science & Technology 158 (2023) 53-62

discretized as

AN
To )

where 7, and 74 are the elementary timescale and characteris-
tic relaxation time of the i-th relaxation unit. Based on Eq. (16),
the elementary timescale shows a strong dependence on the value
of the correlation factor x or the degree of structural order. The

evolution of the characteristic time for the anelastic deformation
Tan ON the structural order values evolves following [33]

Tmol,v = TO( (19)

Tan = TmolX% (20)

For polymer and MG systems, the correlation factor x is a vital
parameter that connects to the microstructural heterogeneity [31].
When the temperature is below the glass transition temperature
Tg, it has been accepted that MGs keep an iso-configurational state
(also called “frozen” state) ignoring the effect of physical aging, re-
juvenation, and external mechanical stimulus, which is character-
ized by a constant value of the correlation factor x.

As we mentioned above, the anelastic component is closely
correlated with the formation of shear microdomains. The struc-
tural disorder is directly connected to these anelastic components.
However, the viscoplastic strain is associated with the annihilation
of shear microdomains, which brings about a more homogenous
structure. The real degree of structural order can be described as

(T, y) = (Tg) + AanYan — AvpYup. T < T
(T) = (Tg) + xo(T — Tg) +AanVan — AvpVup. T = Ty

where ¥ is the rate parameter which depends on the material at-
tribute. Similar to the B relaxation component, the anelastic com-
ponent Y, should also follow an individual Gumbel distribution
and is accumulated by a series of anelastic atomic rearrangements
as

(21)

Z (Wan Y3 )=Vin

Tan

i=
i
exp[Banln(mn) exp[Banln(iszg)]}
7
Z,»exp{Banln(ﬁ)—exp[&mln(g::)]]
where wi

i » v, and Tl are the probability weight, anelastic strain
rate, and anelastic relaxation time of the i-type anelastic relaxation
unit, respectively. y3 is the equilibrium strain for the anelastic
component and can be obtained by the anelastic process as [33]

Yan = OaAJan (23)

where AJa, is the reversible part of the change of compliance in-
duced by anelastic processes. The anelastic and viscoplastic com-
ponent are corresponding to the wane and wax of shear mi-
crodomains, therefore, the viscoplastic strain rate can be computed
as

(22)

i
Wap =

Oq A] an

.vp = Tomol (24)
mo.

and

(Wipvss )=Vip
IZ T
) exp{valn<ﬁ)—exp|:3vpln<:p>]} (25)
W{/p = i

Zlexp[valn<xg) epr:B\,pln(%)“

where w{,p, y\}'p and r‘p are the probability weight, viscoplastic

strain rate, and viscoplastic relaxation time of the i-type viscoplas-
tic relaxation unit, respectively. y;¥ is the equilibrium strain for
the viscoplastic component and can be obtained by the viscoplas-
tic process as

Yip = 0aAlvp (26)
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Fig. 6. (a) Creep strain of the sample at temperature 403 K and stress 25 MPa. The solid lines were fitted by Eq. (26). Inset shows the distribution of the characteristic
relaxation time of the B relaxation, anelastic, and viscoplastic components of sample S1 at 403 K; Evolution of the calculated distribution of the characteristic relaxation
time of (b) the 8 relaxation, (c) the anelastic, and (d) viscoplastic components of the samples S1, S2, S3 and S4, respectively.

and

A]vp = Ua, __Iau) - A.’an (27)
where J,, and Jy, are the compliances at the beginning and end of
the « relaxation process.

In a nominal linearly elastic region, the effect of stress on the
modulus, compliance, and relaxation time could be neglected. The
evolution of modulus/compliance in the temperature/time domain
can be described by the sum of contributions of S relaxation
events, anelastic and viscoplastic components, i.e., the sum of ex-
plicit integration of Egs. (10), (22), and (26). The general expression
is obtained as

n
J(O) =Ja+ Alg Y wi| 1—exp =
i=1 B

+ A.]an ZW;nI:] - exP(_L_?t )]

STRES)

n
+ A Y Wi, |:l - exp(
T,

i=1

(28)

To clarify the effect of training of 8 relaxation on the mechan-
ical relaxation component, anelastic component, and viscoplastic
component, a group of tensile creep measurements was proposed.
A group of creep tests of samples with different training frequen-
cies was carried out at a temperature of 403 K and a stress of
25 MPa (as shown in Fig. 6(a)). The instantaneous response was
subtracted from the total strain. Apparently, an increase in strain
and a decrease in strain rate with time can be observed. The phe-
nomenological steady-state strain rate, a vital parameter to sys-
tematically study the time-dependent deformation behavior of vis-
coelastic materials, increases with the applied temperature. At the
first sight, increasing the training frequency or activating the g re-
laxation is beneficial to promote the creep process, characterized
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by the enhancement of the creep strain and the improvement of
the steady-state strain rate. According to the results of Lei et al.
[15], the overall creep strain gets suppressed with expanding ag-
ing time (raising the level of structural relaxation) but is not no-
ticeably affected by structural rejuvenation induced by cryogenic
cycling. Compared with our results, it can also be regarded as the
peculiarity of the rejuvenation strategy of training 8 relaxation.
On the other hand, it is necessary to clarify whether the train-
ing of B relaxation has a significant effect on the evolution of
the relaxation time spectrum of creep. In Eq. (28), there are a se-
ries of parameters devoted to the characterization of the 8 relax-
ation, anelastic, and viscoplastic components. The unrelaxed and
relaxed modulus (Jg,, Jg,» Juy» and Jo,) are directly read on the stor-
age modulus versus temperature curve. The distribution parame-
ters Bg, Ban, and By, are reached from the fit of the compliance
versus time curve. Taking the creep result of sample S1 as an ex-
ample, we calculated the three main components (the response of
faster mechanical relaxations is integrated into the elastic compo-
nent) of relaxation-time spectra, as shown in the inset of Fig. 6(a).
There are three distinct peaks with various intensities and distri-
butions which are corresponding to the § relaxation, anelastic, and
viscoplastic components, respectively. The deformation induced by
the B relaxation component shows the widest and faster distri-
bution, while that of the viscoplastic component is the longest
and narrowest. We note that the distribution of the g relaxation
component has ignorable interaction with other components, while
the anelastic component has an apparent interaction with the vis-
coplastic component. There is no doubt that the 8 relaxation event
plays as an elementary unit to undertake the external mechani-
cal stress, regardless of whether the anelastic or viscoplastic com-
ponents originate from the activation of a group of f relaxation
events. This picture also gives a scene about how the dynamical
heterogeneities evolute. Cao et al. [47] reported a crossover from
shear deformation creep to diffusional creep with loading time in
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Fig. 7. (a) Scheme of the physical mechanism of rejuvenation by training f relaxation. (b) Summary of the routes among the structural heterogeneity, # relaxation, structural

rejuvenation, and dynamics in MGs.

Table 1

The fitting parameters Bg, Ban, Byp, Tg, Tan, and Ty, for creep of the La-based MG using the QPD model.
Sample By Ban Byp T (s)  Tan (5) Twp () Tw/Tp Tan/Tp Tvp/Tan
S1 036 046 058 0.15 2.34 x 107 2.19 x 108 1.46 x 10° 156 x 108  9.24
S2 033 040 052 0.11 590 x 105 558 x 107  5.07 x 108 536 x 107 9.45
S3 030 037 043 0.08 4.05 x 105  3.19 x 107  4.14 x 108 525 x 107  7.88
S4 028 032 038 0.03 1.53 x 108 1.01 x 107 337 x 108  5.10 x 107  6.60

a model MG. It is highly like that in this work, the mechanism is
a complex process, i.e., the transition from the anelastic process to
the viscoplastic process. The distribution of these processes pro-
vides plenty of information about the relaxation time and hetero-
geneity.

The following discussion addresses the details of the effect of
training B relaxation on the distribution of relaxation times, as
resolved by their size/time constant. Fig. 6(b-d) show the evolu-
tion of relaxation time distribution of 8 relaxation, anelastic, and
viscoplastic components at different training frequency. The fitting
values of Bg, Ban, Bvp, Tg, Tan, and Typ, are listed in Table 1. Mathe-
matically, the distribution parameter characterizes the distribution
width of relaxation times, and the relaxation time average indi-
cates the dynamic rate. Here, the values of relaxation time av-
erage are corresponding to the level of energetic state while the
distribution factor is correlated to the degree of dynamic hetero-
geneity of MGs. The flow defects or flow units are those loosely
packed microregions with faster relaxation time and more ac-
tive dynamics. Consequently, we can give the distribution factor
clearer significance that it is inherently correlated to the structural
configuration of MGs. Several points can be obtained by compar-
ing these fitting parameters in different training frequencies: (i)
By increasing the training frequency, a universal significant de-
crease of distribution factor can be observed, accompanying the
decrease of the characteristic relaxation times. This result indi-
cates that training B relaxation more frequently is beneficial to
enhance the size or number of loosely packed regions. A wider
distribution of relaxation time with upping the level of rejuvena-
tion stands for the activation of more types of flow defects in the
deformation process, which is similar to the results of mechani-
cal relaxations and nanoindentation [6]; (ii) The ratio Tan/Tg and
Tvp/Tg decrease with the training frequency, which indicates re-
juvenation improves effectively the hierarchical deformation. Ad-
ditionally, the decrease in the value of Typ/Tan demonstrates that
anelastic deformation takes a more vital role in rejuvenation
dynamics.

For the as-cast MGs, the loosely packed regions have indeed
high atomic mobility and vice versa. The differences between ad-
jacent regions induce variations of the modulus from one location
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to its neighbors on the microscopic structure. It can be expected
that upon frequent training, all the regions are asked to adjust
themselves to follow a forced relaxation path to adapt to exter-
nal stress. Our results show that modulation of energy states of
MGs can be achieved by involving higher training frequency within
a certain range of training temperature because it promotes the
MG to remember more of its previous mechanical history. Conse-
quently, a scheme of the physical mechanism of rejuvenation by
training B relaxation can be constructed, i.e., the storage of me-
chanical history upon the training process lowers the activation
barrier of atomic rearrangements (as shown in Fig. 7(a)). On the
other hand, one can expect that training of the B relaxation at
an accurate temperature/frequency region can introduce more de-
fects and a higher degree of heterogeneity as the 8 relaxation is
related to the activation of structural heterogeneity. Obviously, the
structural heterogeneity is the core that connects the B relaxation
and rejuvenation, and then evolutes plenty of dynamics. The reju-
venation of MGs indeed strengthens mechanical relaxations, while
training in B relaxation also provides flexibility to rejuvenation. Fi-
nally, a group of routes that give the correlation between structural
heterogeneity, 8 relaxation, rejuvenation, and dynamics of MGs are
summarized in Fig. 7(b). Innovative design and processing of MGs
through training B relaxation, with inherent structures tuned to
facilitate rejuvenation, offer possibilities in expanding the ductility
and workability.

4. Conclusions

The aim of the current paper is to advance understanding of
the effect of training the B relaxation on the structural and dy-
namic properties of MGs, and especially how MGs can be rejuve-
nated. Firstly, we have explored the applicable technological pa-
rameters in the framework of the QPD model. Concentrating on re-
juvenation, atomic mobility increases with the training frequency.
Decoupling of the B relaxation and « relaxation can be observed
as the structural heterogeneity increases. Rejuvenated MGs show
lower activation energy and a lower peak temperature of the g re-
laxation, and a reduced value of the secondary fragility mg. Focus-
ing on dynamics, increasing training frequency accelerates the 8



LT. Zhang, Y.-]. Wang, Y. Yang et al.

relaxation, anelastic, and viscoplastic components of deformation
and expands their distribution.

In the current work, we only presented the training frequency
at the constant temperature region to achieve the rejuvenation
of MGs. The current findings will encourage future efforts in ex-
ploring the signatures of rejuvenation of MGs under some other
stimuli, such as temperature region, heating rate, sample size, and
faster mechanical relaxation modes. It can be predicted that train-
ing in mechanical relaxation can drive MGs to reside at any ener-
getic state between ultimately rejuvenated and ultrastable MGs in
the potential energy landscape.
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